We investigate how the coherent spreading of the center of mass wave function of a particle, such as an atom, molecule or ion, affects the particle's interaction with fields such as the electromagnetic field or a phonon field, in view also of possible applications to emerging quantum technologies. To this end, we develop a suitably generalized Unruh-deWitt model for the interaction between a delocalizing first quantized particle and a second quantized field. We study how the coherent spreading of the center of mass wave function of the particle affects emission and absorption rates and we find, in particular, that in the case of a supersonic coherent spreading in a medium, there should occur Cherenkov-like emissions, along with the excitation of the particle.
I. INTRODUCTION
In the light-matter interaction, the motion of a particle, such as an atom, molecule or ion, influences the particle's emission and absorption properties through multiple effects. These effects range from the Doppler effect, that arises already in the non-relativistic regime, and the effect of Lorentz transformations on energy gaps at high velocities, to the Unruh effect that is expected to arise with extremely accelerated motion. In situations where the particle's motion can be described by a classical probability distribution, these effects can be calculated separately for each possible state of motion, to then be added up incoherently. Our aim here is to investigate the case when the particle's motion is quantum uncertain.
It is clear that there are differences between coherent and incoherent or classical superpositions of motion because quantum wave functions generically evolve differently than classical probability distributions. In fact, as we will discuss, differences can already occur between coherent and incoherent superpositions of the free evolution of the centre of mass of a particle, i.e., between coherent or incoherent free delocalization.
In practice, to study emission and absorption processes for probability distributions of classical motion, it is usually convenient to transform into the various possible rest frames of the emitter or absorber, to then add up the effects incoherently. This strategy is, however, not straightforwardly applicable in the case of the coherent superpositions of quantized motion.
To avoid the need to transform into quantum uncertain rest frames, we will, therefore, employ a technical tool, previously used, e.g., in [1, 2] , that allows us to couple * nadine.stritzelberger@cantab.net † akempf@perimeterinstitute.ca quantum fields to first-quantized particles that possess quantum uncertain positions. Technically, we will work with quantum fields that take position operators as their argument, i.e., that are functions such asφ(x) that are both operator dependent and operator valued. Further, we will work, for simplicity, in the non-relativistic regime and we will neglect all competing effects, such as higher ordere quantum field theoretic corrections.
We will begin by modeling the light-matter interaction using a commonly employed idealization which focuses on only two energy levels of the matter system and which models the electromagnetic field as a scalar quantum field. When small matter systems, such as atoms, molecules or ions, are idealized as two-level qubit systems whose classical center of mass follows a prescribed trajectory, they are known as Unruh-deWitt (UdW) detectors [3, 4] . These detectors have proven to be a very useful tool for the theoretical analysis of key processes such as the detection of Hawking and Unruh photons [3, [5] [6] [7] [8] and, more recently, entanglement harvesting [9] [10] [11] [12] [13] [14] [15] and quantum communication through quantum fields [16] [17] [18] .
The conventional UdW detector model is, however, limited to the regime in which the center of mass follows a classical trajectory. We here generalize the UdW detector model to include the quantum mechanical description of its center of mass degrees of freedom. The dynamics of the center of mass wave function of the detector then effectively introduces an additional time dependence to the light-matter interaction. This additional time dependence arises already with the coherent spreading of the wave function under free time evolution. Our aim is to investigate the impact of this coherent delocalization on the light-matter interaction.
We begin by showing that the spontaneous emission rate of an excited atom, molecule or ion can depend on the rate of its delocalization and on whether the delocalization is entirely coherent or in part also incoherent. We then show that a new phenomenon can arise in media, namely if parts of the center of mass wave function coherently spread faster than the maximum wave propagation speed in the medium. In this case, the coherent delocalization of the center of mass can trigger the excitation of the atom, molecule or ion, along with the emission of Cherenkov-like radiation. This leads to an effective friction and to decoherence for the supersonic contributions to the centre of mass wave function, possibly also leading to a Cherenkov-Zeno-like effect. These phenomena have the potential, for example, to impact the quantum channel capacities of light-matter interactions.
II. THE TRADITIONAL UDW DETECTOR MODEL FOR THE LIGHT-MATTER INTERACTION
The traditional UdW detector model is a simplified model for light-matter interactions in which the electromagnetic field is modeled as a scalar massless quantum field. An atom, molecule or ion is then modelled as a first-quantized two-level system with ground state |g , excited state |e and energy gap E. The center of mass of a traditional UdW detector follows a prescribed classical worldline x(t), which we will here assume to be nonrelativistic. The total Hilbert space of the coupled system factorizes, H = H internal ⊗ H field . The interaction between the UdW detector and the quantum field is usually modeled as a linear coupling along the detector's worldline. In the Schrödinger picture, the interaction Hamiltonian takes the simple form:
In the literature, see, e.g., [19] , the interaction Hamiltonian is sometimes extended to include a classical spatial smearing function to model the finite spatial extent of the detector's electronic orbits. We will here not make use of this technical tool. Instead, in Sec.VIII, we will describe the electronic orbitals explicitly. In Eq.(1), λ denotes the coupling strength,μ is the monopole operator of the detector,μ
andφ is the scalar quantum field,
The coupling of a monopole to a scalar field in Eq.(1) is a simplified model for the coupling of a dipole to the electromagnetic field of the typed ·Ê. For a discussion of UdW-type interaction Hamiltonians, see, e.g., [8, 19] . The free Hamiltonian of the UdW detector and the scalar quantum field is given by:
While c here stands for the speed of light in the vacuum, we will later also consider media with lower wave propagation speeds. The transition probability for the system to evolve from an initial state |Ψ i at time t i to a final state |Ψ f at time t f , working in the interaction picture and to first order perturbation theory, is obtained from the transition probability amplitude,
Here,Ĥ int (t) denotes the interaction Hamiltonian in the interaction picture,
withμ(t) andφ(t) the monopole and field operators in the interaction picture,
As an example, which we will later revisit, let us briefly review the spontaneous emission rate for an initially excited traditional UdW detector in the vacuum,
which is at rest, x(t) = x 0 . We first consider the transition amplitude to a final state in which the detector is in its ground state and a field quantum of momentum k has been emitted,
We take the limits t i → −∞ and t f → ∞ in order to eliminate switching effects. In order to avoid the divergence in the total spontaneous emission probability which arises from time translation invariance, see, e.g. [8] , we instead calculate the spontaneous emission rate, R k . Finally, to obtain the total spontaneous emission rate R irrespective of the momentum k of the emitted field quantum, we also trace over the Hilbert space of the field degrees of freedom. The calculation is straightforward and we here only state the result for later reference:
In the following section, our aim is to generalize the traditional UdW detector model in order to take into account the effects that arise with the quantum delocalization of the detector. We will also allow the UdW detectors to couple to fields other than fundamental fields in the vacuum. For example, the UdW detector may couple to photons in dispersive media or to various fields of quasiparticles or collective excitations, such as spin waves or phonons in solids or in Bose Einstein condensates. This will allow us to consider scenarios where the UdW detector's real or virtual motion exceeds the speed of propagation of the quantum field that it couples to and we will find that new effects arise in this case.
III. GENERALIZING THE UDW DETECTOR MODEL TO INCLUDE QUANTIZED CENTER OF MASS DEGREES OF FREEDOM
We will now go beyond the conventional model for UdW detectors, namely by dropping the simplifying assumption that the center of mass of the UdW detector follows a classical worldline. Instead, we will equip the UdW detector with first-quantized center of mass (CM) degrees of freedom. The total Hilbert space then factorizes as H = H CM ⊗ H internal ⊗ H field . We again model the interaction of the small quantum system and the quantum field via the monopole operator coupling. However, the coupling takes place at the center of mass position of the detector, which is now described by the center of mass position operatorˆ x. That is, the interaction Hamiltonian becomesĤ int = λμφ(ˆ x). In order to make sense of the operator-valued field taking the position operator as its argument, we apply the spectral theorem, as described, e.g., in [1, 2] : an operator-valued functionf can take an operatorÂ as its argument by expanding the operator in its eigenbasis and evaluating the function on the operator's eigenvalues,f (Â) = da |a a| ⊗f (a). Here, we obtain (12) where | x are the position eigenstates and x are the position eigenvalues of the center of mass of the UdW detector. The free Hamiltonians of the UdW detector and the scalar quantum field are given bŷ
whereˆ p denotes the center of mass momentum operator and M is the mass of the UdW detector. The interaction Hamiltonian, expressed in the interaction picture, then becomeŝ
with the projection operators | x(t) x(t)| evolving in the interaction picture according to:
We are now ready to use Eq.(5) to calculate transition probabilities for UdW detectors with coherently delocalizing center of mass.
IV. SPONTANEOUS EMISSION WITH QUANTUM DELOCALIZING CENTER OF MASS
We begin by investigating the spontaneous emission rate of an UdW detector with quantized center of mass degrees of freedom, in order to then compare the result to the spontaneous emission rate for a traditional UdW detector with classical center of mass. Let us assume that the center of mass of the particle is prepared in an initial state |ϕ 0 = d 3 p ϕ 0 ( p) | p . The probability amplitude for the system to evolve from an initial state |Ψ i = |ϕ 0 ⊗ |e ⊗ |0 to a final state |Ψ f = | p′ ⊗ |g ⊗â † k |0 becomes:
Momentum conservation is automatically enforced, i.e., the momentum of the emitted photon and the recoil momentum of the detector are equal to the initial momentum of the detector. Energy is conserved as well, provided ‡ that we take the limits t i → −∞ and t f → ∞.
In order to obtain the total spontaneous emission rate R irrespective of the momentum k of the emitted photon or the recoil momentum p′ of the detector, we trace over the final state of the field and the external degrees of freedom of the particle:
Here, we defined
with p := | p|. Since T does not depend on the initial center of mass wave function, we may call it the template function for the spontaneous emission rate.
Let us now assume that the center of mass momentum distribution does not have significant amplitudes for large momenta. This allows us to Taylor expand the template function T around p = 0, to obtain:
Finite t i and t f would correspond to a sudden on and off switching of the interaction by an external agent. As a consequence, time translation invariance would be broken and energy would not be conserved, since the agent could provide or extract energy to or from the system.
Here, we define the constants
As is easily verified, in the regime where the energy gap is small compared to the mass energy of the detector, E ≪ M c 2 , we have that p 0 ≈ M c, i.e., the expansion in Eq. (19) is then valid in the non-relativistic regime. For instance, let us consider an ion that is initially localized in a quadratic potential of an ion trap [20] [21] [22] . After switching the ion trap off, the center of mass wave function of the ion will coherently spread. If the ion was prepared in an energy eigenstate of the trapping potential, the initial center of mass wave functions would be a Hermite function in three spatial dimensions. For example, if the ground state wave function of the center of mass is a Gaussian wave packet of initial width L, centered around x = x 0 ,
we obtain that the spontaneous emission rate depends on L through:
This approximation is valid for all L ≫ L 0 , where L 0 := p −1 0 is effectively the Compton wavelength of the detector. This result shows that the faster the delocalization process, i.e., the sharper the initial localization, the more the spontaneous emission rate is increased. If instead the ion was prepared, for example, in the first exited eigenstate of the trapping potential in each direction, described by the product of the first (i.e., linear) Hermite polynomials and the Gaussian,
then too the wave function possesses more momentum, therefore spreads faster, and the spontaneous emission rate is further increased:
V. RECOVERING THE TRADITIONAL UDW MODEL IN THE LIMIT OF LARGE MASS AND CORRESPONDINGLY SLOW DELOCALIZATION
Intuitively, the dynamical coherent delocalization of matter affects processes such as spontaneous emission because it introduces an effective time-dependence into the light-matter interaction. This suggests that in the limit of large detector mass, when the center of mass wave function coherently delocalizes more and more slowly, the spontaneous emission rate of the UdW detector with classical center of mass could be recovered.
To verify this intuition, let us calculate the spontaneous emission rate in the limit of large detector mass. We expand the template function T for large detector mass M , i.e., for M c 2 ≫ E and M c ≫ p, to obtain to lowest order:
Since the momentum probability distribution is normalized, the integral in Eq. (17) can be carried out in the limit of large detector mass, yielding the spontaneous emission rate
Comparing with Eq.(11), this means that for a detector with quantized center of mass whose momentum distribution is centered around zero, the spontaneous emission rate in the infinite mass limit indeed coincides with the spontaneous emission rate for a traditional UdW detector at rest. We therefore confirmed the intuition that it is not the amount of delocalization of the center of mass, but rather the dynamics of its delocalization that affects the spontaneous emission rate. We further conclude that the traditional UdW detector model is a good approximation only in the limit of large detector masses.
VI. INCOHERENT VERSUS COHERENT DELOCALIZATION
The delocalization process of the center of mass can be coherent or incoherent, depending on the purity of the initial state. So far we assumed the center of mass of the detector to be in a pure initial state |ϕ 0 and we explicitly calculated the spontaneous emission rate for a Gaussian wave packet state. However, the center of mass of the detector could also be in a superposition of several wave packet states. For instance, the center of mass could initially be in a coherent superposition, |ϕ 0 ∼ |ξ + α |χ with a phase α ∈ C, of two Gaussian wave packets centered around x = x 0 and x = − x 0 respectively,
Alternatively, the center of mass could initially be in a superposition which is in part also incoherent. For instance, the center of mass could be initially in the mixed state ρ 0 = 1 2 (|ξ ξ| + |χ χ|) . The light-matter interaction indeed distinguishes between coherent and incoherent delocalization: due to translation invariance, the spontaneous emission rate for the partly incoherent superposition is the same as the spontaneous emission rate for a single Gaussian wave packet, as given by Eq. (25) . For the coherent superposition, however, we intuitively expect that the spontaneous emission rate could be affected by the interference between the two wave packets, except of course in the limits x 0 → 0 and x 0 → ∞, with x 0 := | x 0 |, in which the overlap of the two wave packets in position space is trivial. Indeed, we find that this is the case: the spontaneous emission rate for the coherent superposition,
now depends both on the separation 2x 0 and on the phase α between the two interfering wave packets:
We notice that the incoherent and coherent case match not only in the limits x 0 → 0 and x 0 → ∞, but also for a purely imaginary phase, Re(α) = 0, and whenever the two superposed wave functions are orthogonal, since the spontaneous emission rate only depends on the modulus squared of the initial center of mass wave function.
VII. CAN THE DYNAMICS OF DELOCALIZATION TRIGGER EXCITATION?
In this section, we investigate whether, in media, the dynamics of the delocalization process of the center of mass wave function of an UdW detector in its ground state is able to trigger the excitation of the UdW detector, along with the emission of a field quantum. Intuitively, the reason for why such a process might happen is that virtual motion in a medium, similar to real motion in a medium, could incur a Cherenkov-like effect.
First, let us recall that a charged classical particle traveling at a constant velocity through the Minkowski vacuum will not spontaneously emit field quanta, since the exact same physical situation is encountered in its rest frame where it is clear that there is no energy available to create field quanta. In a medium, however, boosts are nontrivial and it is known that a charged classical particle that travels on an inertial trajectory can emit quanta, namely if it travels at a velocity faster than the propagation speed of waves in the medium [23] [24] [25] .
Important for our purposes here is that also UdW detectors, such as atoms, molecules and ions necessarily carry a monopole or dipole (or higher multipole) charge as they couple to the field. This suggests to consider the possibility of a Cherenkov-like effect for UdW detectors.
While the classical Cherenkov effect arises for classical charges coupled to classical fields, an UdW detector couples not merely to a classical field but to a field that is quantized. Further, the UdW detector model allows us to investigate the possible excitation of the quantized internal degree of freedom of the UdW detector along with the emission of Cherenkov radiation.
But also, and we will here focus on this new question, we can ask whether merely virtual motion, in particular, virtual motion due to the dynamical coherent delocalization of the quantized center of mass, can trigger the emission of field quanta along with the excitation of the UdW detector. The idea is that this Cherenkov-like effect could arise due to that part of the center of mass wave function which corresponds to coherent delocalization with velocities faster than the propagation speed of waves in the medium.
To this end, let us consider an UdW detector in its ground state, with quantized center of mass, coupled to a quantum field in its ground state:
We calculate the transition probability to a state in which the detector is excited and a field quantum has been emitted,
Through a calculation similar to the derivation of the spontaneous emission rate we discussed before, we now obtain the excitation rate
where we again obtained a template function:
The Heaviside step function Θ in the template function implies that a finite transition probability arises exclusively from those parts of the initial center of mass momentum distribution for which p ≥ M c + √ 2EM . This means that the dynamics of center of mass delocalization, i.e., virtual motion alone, can indeed trigger the excitation of the detector and the emission of a field quantum. The condition is that at least parts of the center of mass wave function must spread faster than the critical velocity v crit := c+ 2E/M set by the maximum propagation speed, c, of waves in the medium and also by the energy gap, E, of the detector. We notice that, depending on the size of the detector gap, the critical velocity can be significantly larger than the wave propagation speed c in the medium.
The case of a charge without an internal degree of freedom is obtained as the limiting case E → 0. In this limiting case, the interaction Hamiltonian commutes with the then vanishing free Hamiltonian of the internal degree of freedom.
Regarding the terminology, we refer to the excitation and radiation induced by a superluminal, or supersonic, coherent spreading of the center of mass wave function as a Cherenkov-like effect.
Concretely, for instance for an atom coupling to the electromagnetic field in a medium, we expect that sufficiently superluminal virtual center of mass velocities (i.e., velocities satisfying v ≥ v crit ) can lead to the excitation of the atom and the emission of a photon. In the same way, sufficiently supersonic center of mass virtual velocities of an atom in a Bose Einstein condensate should lead to the excitation of the atom and the emission of a phonon. For Bose Einstein condensates [26] the sound propagation speed can be as low as mm/s, i.e., atoms with virtual velocities above this speed can still be well within the non-relativistic regime that we are working in here.
Generally, the Cherenkov-like effect leads to dissipative friction for any coherent delocalization above the critical velocity v crit , (reminiscent to the Greisen-Zatsepin-Kuzmin (GZK) limit for the real motion of cosmic ray protons [27, 28] ). The Cherenkov-like effect, therefore, also represents a source of decoherence for virtual motion above the critical velocity. In practical applications of quantum technologies, this could mean, for example, that if an atom or molecule in a medium is to receive quantum information by absorbing a photon or other field quantum entangled with an ancilla, then that transfer of entanglement, i.e., of quantum information, is vulnerable to decoherence. The vulnerability arises from the Cherenkov-like effect if the absorption process localizes the absorbing atom or molecule too strongly, namely if, after the absorption, the center of mass wave function contains significant components above the critical velocity v crit . We notice that v crit can be manipulated externally in as far as the energy gap of the UdW detector can be manipulated externally, e.g., via the Zeeman or Stark effects.
VIII. HARMONIC HYDROGEN ATOM COUPLING TO ELECTROMAGNETIC FIELD
While the UdW detector model is a simplified model of the light-matter interaction that allows one to efficiently investigate aspects of emission and absorption processes qualitatively, let us now generalize one of our results above to a quantitative order-of-magnitude analysis. Namely, as we saw in section IV, the UdW detector model indicates that the dynamics of the coherent delocalization of an atom's center of mass should impact the rate of spontaneous emission. In order to estimate the order of magnitude of the effect, it would not be reliable to continue to model the atom's internal degree of freedom as a simple qubit § coupling to a scalar field. Instead, let us calculate the spontaneous emission rate for a hydrogen atom coupled to the electromagnetic field with the center of mass of the hydrogen atom dynamically delocalizing. We model the electron and the proton in the hydrogen atom fully quantum mechanically (with position operatorsˆ x e andˆ x p and momentum operatorŝ p e andˆ p p ), which respectively interact with the electromagnetic field via minimal coupling.
The only simplification that we will use, to make the calculation of the order of magnitudes estimate easier, is to replace the Coulomb potential by a harmonic potential that is tuned such that the energy gap, Ω, between ground and first excited states match that of the Coulomb potential. In the temporal gauge, the Hamiltonian of this harmonic hydrogen atom iŝ
where the electromagnetic field operators,
couple respectively to the position operators of the electron and the proton. In order for the model to describe ions as well, for now we allow for different charges of electron and core. Later, we will set q e = q p = 1.6·10 −19 C for the hydrogen atom. The interaction Hamiltonian readŝ
where here, in the dipole approximation, we neglected the diamagnetic A 2 terms, which are of second order in the fine structure constant. We now introduce relative and center of mass position operators,ˆ x rel :=ˆ x e −ˆ x p andˆ x CM := me Mˆ x e + mp Mˆ x p , as well as their conjugate momentum operators,ˆ p rel andˆ p CM , with M the total mass and µ the reduced mass of the atom. The total Hilbert space factorizes as H = H CM ⊗ H rel ⊗ H field . In the new § The conventional UdW detector model (with classical center of mass) is routinely extended to account for the finite size of the atom due to the electronic orbital wave functions by introducing spatial smearing functions [19] . Here, for increased accuracy, we instead quantize all degrees of freedom.
coordinates, we obtain for the interaction Hamiltonian:
The free Hamiltonian of the atom and the electromagnetic field becomes,
and it allows us to express the interaction Hamiltonian in Eq.(41) in the interaction picture.
Let us now calculate the spontaneous emission rate for an initially excited atom with quantized center of mass, coupled to the vacuum state of the electromagnetic field,
We assume that the three-dimensional harmonic oscillator is in either one of its three first excited states: |e = |n 1 , n 2 , n 3 ∈ {|1, 0, 0 , |0, 1, 0 , |0, 0, 1 } (44)
We first calculate the transition probability amplitude for the initial state to evolve to the final state |Ψ f = p′ ⊗|g ⊗â s † k |0 , in which the atom is in its ground state, |g = |0, 0, 0 , and a photon of momentum k and spin s has been emitted. We obtain, working in the interaction picture and to first order in perturbation theory:
Here, ψ g ( y), ψ e ( y), ψ g ( p) and ψ e ( p) are the ground state and first excited state wavefunctions of the harmonic oscillator in the position and momentum representations respectively. We now average over the three first excited states of the harmonic oscillator and trace over the recoil momentum p′ of the center of mass, as well as over the momentum k and spin s of the emitted photon, such as to obtain the spontaneous emission rate:
Here, we defined the template function,
We carry out the k integration in the template function T and Taylor expand around p = 0, to obtain:
Here, we defined the constants
We note that the momentum p 0 corresponds to a velocity v 0 ≈ 1.42 · 10 5 m/s. The expansion in E.(51) is, therefore, valid in the non-relativistic regime, namely for all center of mass wave functions which possess significant probability amplitudes only for velocities v ≪ v 0 . Considering a Gaussian wave packet for the initial center of mass wave function, the spontaneous emission rate becomes a function of the initial width, L, of the Gaussian wave packet:
Here, we defined L 0 := /p 0 ≈ 2.80 · 10 −12 m. The lowest order term, µΩC 2ǫ0c ≈ 6.86 · 10 8 s −1 , which does not depend on the initial center of mass wave function, is indeed roughly the spontaneous emission rate of an excited hydrogen atom (R ≈ 6.27 · 10 8 s −1 , see, e.g., [29] ). This indicates that our description of the hydrogen atom as an electron bound to a proton via a harmonic potential, rather than a Coulomb potential, is a reasonably good quantitative model for our purposes here, in the sense that it yields the right orders of magnitude for the spontaneous emission rate from the first excited states.
Let us now assume that the center of mass of the hydrogen atom is initially coherently localized to some moderate extent, for example, at the scale of the size of the hydrogen atom, L = 5.29 · 10 −11 m. From Eq.(55), we obtain that this should lead to an increase of the spontaneous emission rate (compared to the spontaneous emission rate obtained for a harmonic hydrogen atom with initially completely delocalized center of mass) of 0.84%. It is reasonable to expect a similar-sized effect for the hydrogen atom with Coulomb potential. Let us also address the question of the validity of the non-relativistic approximation for the motion of the center of mass in this scenario. Our choice for L above implies an uncertainty in position of ∆x ≈ 3.74 · 10 −11 m, which, via the uncertainty principle and given the mass of the hydrogen atom, corresponds to an uncertainty in velocity of ∆v ≈ 5.31 · 10 3 m/s, which is within the non-relativistic regime.
IX. CONCLUSIONS AND OUTLOOK
The formalism of UdW detectors provides a simplified model of the light-matter interaction in which atoms, molecules or ions are modeled as two-level first-quantized systems (or qubits) with a classical center of mass that possesses a prescribed trajectory. The UdW model has proven to be useful for qualitative studies of a wide range of important phenomena, from the Unruh and Hawking effects to entanglement harvesting and quantum communication through quantum fields. Here, we generalized the UdW detector model to include the quantumness of the center of mass degrees of freedom.
First, we found that the dynamics of the coherent delocalization of the center of mass influences the emission and absorption processes in the vacuum. This suggests that it should be very interesting to generalize prior studies with UdW detectors to include the quantumness of the center of mass of the UdW detectors. For example, the ability of a pair of UdW detectors to extract entanglement from the vacuum is known to depend on the spatial extent of the detectors [12] [13] [14] [15] . It will be interesting, therefore, to examine also how the quantum dynamics of the center of mass position uncertainty of UdW detectors modulates their ability to extract entanglement from the vacuum. These studies into the entanglement of the vacuum state could then also relate to holography, see, e.g., [9] [10] [11] [30] [31] [32] [33] [34] .
Second, we found the phenomenon that, in media, the coherent delocalization of an atom, molecule or ion can induce Cherenkov-like radiation, along with the excitation of the particle. The phenomenon should occur when the virtual motion of the center of mass possesses probability amplitudes for velocities faster than v crit = c + 2E/M , where c is the maximum wave propagation speed of the quantum field in the medium and where E and M are the particle's energy gap and mass respectively.
This new Cherenkov-like effect may be experimentally observable, e.g., for an atom or molecule of a different species in a Bose Einstein condensate, if the particle coherently delocalizes faster than the velocity v crit that arises from the propagation speed, c, of phonons in the BEC and the energy gap, E. The sound propagation speed can be as low as mm/s for certain Bose Einstein condensates [26] . For quantitatively accurate predictions, our calculations should, of course, be refined by using realistic dispersion relations in media, such as BECs.
Several interesting consequences arise from the fact that the part of an atom, molecule or ion's center of mass wave function that coherently spreads faster than the critical speed v crit is prone to triggering the emission of the Cherenkov-like radiation. One consequence is that a rapid spread of the particle's center of mass wavefunction can be hindered by the energy loss (somewhat akin to evaporative cooling) due to the emission of Cherenkov-like radiation.
On the other hand, it should be interesting to explore if the new Cherenkov-like effect may also lead to a more subtle Cherenkov-Zeno type of phenomenon in which it is not the spread of the particle's position wave function but in which it is instead the spread of the particle's momentum wave function which is hindered: let us consider a scenario where the particle or UdW detector is exposed to an external potential that induces the coherent spreading of its momentum wave function. For example, the particle could temporarily be in an inverted harmonic oscillator potential (which is feasible for trapped ions or atoms, see, e.g., [20] [21] [22] ). In this case, as the UdW detector's center of mass momentum wave function tries to spread into large momenta, the medium continually keeps 'measuring' whether or not among the coherent superpositions of states of motion of the UdW detector there are speeds above the critical speed v crit , namely through the new Cherenkov-like effect. As a consequence, in a Cherenkov-Zeno-like effect, the spreading of the momentum wave function into these high momenta should be slowed down.
It may also be possible to gain more intuition and insights into the predicted Cherenkov-like effect by using the new methods of quantum reference frames. To see this, let us first consider the regular Cherenkov effect: while a charge traveling with uniform speed below the wave propagation speed, c m , in a medium will not radiate, the charge will radiate in the form of a shock wave if its speed exceeds c m . Indeed, in a medium we can consider formal Lorentz transformations with c replaced by c m . A charge with a worldline that is formally spacelike with respect to c m would, after a suitable formal Lorentz transformation, be an extended charge that couples to the field at a point in time -and as such be bound to radiate. This explanation requires performing a formal Lorentz transformation that is specific to the speed of the worldline of the particle.
In our case here, however, the motion of the center of mass is quantum and possesses a range of potential ve-locities in coherent superposition. This means that to extend our explanation above for the Cherenkov effect here requires one to perform coordinate changes to quantum uncertain reference frames via quantum uncertain Lorentz transformations. A formalism of such quantum reference frames and related techniques are being developed, see, e.g., [35] [36] [37] [38] [39] [40] and it will be natural to try to apply them to the Cherenkov-like effect here, that arises from coherent time evolutions of the center of mass, including coherent delocalization. The formalism of quantum reference frames may also be useful for taking into account relativistic effects, since it should allow us, for example, to hold the energy gap fixed in the detector's rest frame, even when the rest frame is quantum uncertain.
Finally, it should be very interesting to investigate the rôle of the quantumness of the center of mass degree of freedom of UdW detectors in the transmission of quantum information, i.e., of entanglement, in the lightmatter interaction. The transfer of entanglement between traditional UdW detectors via quantum fields has been studied in the field of relativistic quantum information, see, e.g., [16] [17] [18] . The conventional UdW detector model is too crude, however, to capture some essential features, such as the quantum dynamics of recoil.
Let us consider, for example, the case of a photon which is initially entangled with an ancilla and which is then absorbed by an atom. By absorbing the photon, the atom acquires the entanglement with the ancilla. The question arises to what extent it is the atom's center of mass degrees of freedom, and to what extent it is the atom's internal degrees of freedom that become entangled with the ancilla upon the absorption of the photon.
The answer will depend, on one hand, on the amount by which the photon was entangled with the ancilla via its polarization and via its orbital degrees of freedom respectively. On the other hand, given the rôle of the recoil, the fraction of entanglement acquired by the center of mass degree of freedom will depend on the dynamics of the delocalization of the atom's centre of mass. It should be very interesting, therefore, to generalize our investigation here for the study of quantum channels that arise with the light-matter interaction in modern quantum technologies, such as in quantum communication and quantum computing.
